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SECTION  1 


PURPOSE 


The  piirpuHc  of  thia  contract  is  to  carry  out  research  work  tor  a 
peri^if!  of  1ft  months  commencing  June  I,  1962,  and  ending  f'-ivcmbcr  50, 
1963,  involving  investigations  leading  to  approaches  to  ih.e  attainment  oi 
lugh  roli.'ibility  in  aubminiatiire  ceramic  capacitors  and  the  detcrriiinatsf.n 
of  failure  rate  as  a  function  of  voltage  and  temperature. 

fn  particular,  this  involves  the  following; 

(1)  Establishment  of  Matrix  I  test  conditions  through  a  senes  of 
pre-matrix  tests . 

(2)  Development  and  evaluation  of  a  short-term  test  to  eliminate 
early  failures  effectively  without  shortening  the  lime  to  the 
wearout  mode  of  failure. 

(3)  A  determination  of  the  failure  rate  as  a  function  of  voltage  and 
temperature  through  Matrix  I  and  Me’.rlx  II  testing.  From  the 
data  thus  obtained,  derating  curves  will  be  derived  and  i)ver>*.M 
failure  cates  for  operating  conditions  will  be  eslimatecl. 

(-1)  Compilation  of  quarterly  progress  reports  In  accurdaiu  e  wifh 
Signal  Corps  Technical  Rcqulrcmonls  No.  SCL-JIOIN.  d.^ivd 
14  July  1961  , 

(“i)  Compilation  of  a  final  report  In  accordance  v.'Lili  Signal  Corps 
Technical  Requirements  Mo.  SCL-2I0IN,  d-ilod  14  July  l'»r,l. 


SECTION  I 


AKSTRACT 


Current-voltage  relations  as  functions  of  time  and  temperature- 
are  pr»-.sente<l  for  C67  Case  Size  I  Monolythic®  capacitors.  A  study  of 
possible  means  <»f  predicting  the  capacitor  life  Is  reported.  No  correla¬ 
tion  has  been  found  between  charge  and  discharge  currents  measured 
before  life  test  and  time -to-failu re  on  life  test.  A.lso,  no  correlation  has 
been  found  between  AC  corona  starting  voltage  and  time-to-failure.  It 
appears  the  only  technique  r  ow  available  for  the  elimination  of  potential 
early  failures  is  a  measurement  of  leakage  resistance  after  accelerated 
testing.  Study  is  continuing. 


ijf.Cl  iON  } 


HUOLICATlONb.  I  ECTURES,  REPORTS,  AMP  ''INFERENCES 


I'ht  Second  Quarterly  Progress  Report,  covering  the  period 
1  Sfpteij»li*T  I  9<>/.  >u  November  19bi,  was  submitted  for  U.  S.  Army 
Electronics  Research  and  Development  Agency  approval  during  this 
r{uarter.  Approval  was  received,  and  the  report  was  distributed  per 
USAERDA  instructions. 


SECTION  4 


FACTUAL  DATA 


4  ■  I  General 

Dtirir.g  the  third  quarter  attention  v  as  directed  primarily  tourard 
examining  charge  and  discharge  currents  of  C67  Case  Size  I  Monolythit 
capacitors.  Attempts  were  made  to  correlate  charge  and  discharge 
currents  measured  before  life  test  and  time-to-failure  on  life  test  but 
were  unsuccessful.  Likewise,  no  correlation  was  found  between  AC 
corona  starting  voltage  and  time-to-failure .  It  appears  the  only  technique 
now  available  for  the  elimination  of  potential  early  failures  is  a  measure¬ 
ment  of  leakage  resistance  after  testing  for  a  number  of  hours  at 
accelerated  voltage  and  temperature, 

4.  a  Charge  and  Discharge  Currents 

After  the  voltage  is  removed  from  a  capacitor,  a  current  flow's 
in  a  direction  opposite  the  direction  in  which  it  flows  during  voltage 
application.  The  charge  or  polarization  current  and  the  discharge  or 
depolarization  current  have  been  measured  as  functions  of  applied  voltage, 
temperature,  end  time  for  C67  Case  Size  I  Monolythic  capacitors.  The 
discharge  time  and  the  magnitude  of  the  discharge  current  Indlc.’ite  a 
considerable  amount  of  charge  remains  trapped  in  the  ceramic  after 
removal  of  the  charging  field. 

The  C67  Case  Size  I  Monolythic  capacitor  utilizes  a  barium 
titanate  ceramic  having  a  dielectric  constant  of  2000.  The  thickness  of 
each  dielectric  layer  is  0.0025  in.  The  ceramic  capacitor  is  enclosed 
in  a  molded  cylindrical  case  of  0.095  in.  diameter  and  0.250  in.  length. 

The  circuit  used  for  measurement  of  charge  and  discharge  cti.-reni:^ 
in  shown  in  Figure  i,  which,  with  ail  figures  mentioned  herein,  is  found 
at  the  end  of  thte  section.  After  charging  the  capacitor  the  power  su|iply 
replaced  by  a  short  circuit.  The  Ekeo  I  079C  vibrating  reed  elec  ?  romeier 
permits  the  resistor  in  series  with  the  test  capacitor  to  he  rh.mged  sfi  ih..r 
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;iii  wide  range  oi  ';itr nriiLs  .'rin  b«;  covered.  The  largest 

teaisilor  use'’  in  series  with  the  test  ''apacitor  was  10^^  ohms.  Most 
of  the  data  wore  obtained  using  resistors  of  10**  and  10*®  ohms. 

Figure  Z  presents  a  discharge  current  curve  for  a  C67  Case 
Si/.c  i  Monolythic  capacitor  near  room  temperature .  This  curve  was 
obtained  in  the  following  manner:  After  1  5  min  of  discharge,  the 
discharge  circuit  was  opened  for  1  hr,  then  closed  again.  At  this  point 
the  discharge  current  was  greater  than  when  the  discharge  circuit  was 
first  opened.  Further,  after  an  additional  13  min  of  discharge  the 
discharge  current  reached  a  magnitude  and  time  rate  of  change  that 
would  have  been  expected  had  the  circuit  not  been  opened.  This  behavior 
suggests  that  charge  carrier  traps  of  various  depths  exist  in  the  material. 

It  is  theorir.ed  that  during  the  open  circuit  condition  some  of  the  charges 
move  from  deep  traps  to  traps  which  are  more  shallow.  Also,  it  is 
evident  the  resistance  of  the  ceramic  is  extremely  high  at  discharge  and  open- 
circuit  conditions. 

Figure  3  presents  charge  current  as  a  function  of  time  at  150*C 
for  C67  Case  Sir.e  I  Monolythic  capacitors.  A  fresh  capacitor  was  used 
for  each  voltage  stress  to  avoid  current  complications  which  might 
result  from  stressing  one  capacitor  repeatedly.  After  IS  min  of  charging 
the  currents  showed  very  little  indication  of  stabilizing  except  at  the 
highest  voltage  stress.  The  charge  current  data  are  replotted  as  a  function 
of  charge  potential  in  Figure  4. 

One  interesting  point  is  that  over  most  of  the  range  the  charge 
current  at  any  time  is  proportional  to  the  charging  potential.  At 
approximately  2S  VOC/mil  the  charging  current  appears  proportional 
to  some  power  of  charging  potential  higher  than  one.  When  Uie  same 
capacitor  is  used  for  all  voltages,  from  the  smallest  to  the  largest,  no 
curreiil  anomaly  is  found  in  the  range,  18  VDC/mil  to  36  VDC/mil,  as 
can  be  seen  in  Figure  5.  The  current  anomaly  shown  in  Figure  4  cannot 
yet  be  dismissed  as  spurious,  since  the  lltercture*  contains  examples  of 
the  use  of  normalizing  voltages  before  current  measurements,  though  not 
in  exactly  the  same  situation. 

The  data  presented  in  Figures  4  and  5  describe  transient  charge 
currents.  The  current-voltage  relations  suggest  an  ohmic  behavior  for 
the  capacitors,  but  the  data  do  not  validate  such  a  conclusion.  Steady-state 
conditions  are  necessary  to  determine  if  the  current -voltage  relation  is 

*Cardon,  F,,  "Polarization  and  Spare -Charge -Limited  Currents  in  Rutile," 
Physica,  27:841-9  (1961). 
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iJiiiiit  (If  <■ rj;f -lini:  ii  fl  i}i<-  v/ork  i>t  ilranv/ood  and  Tredgold^ 
indicates  the  cur ri;nt-v't*Jtaf<e  rciatiuii  for  barium  titanatc  single  crystals 
is  space  -charge  -limited. 

following  charging  the  capacitors  described  in  Figure  3  were 
discharged.  The  disclairge  current  as  a  function  of  time  for  these 
capacitors  is  shown  in  Figure  6.  The  discharge  current  at  various 
times  as  a  function  of  applied  potential  for  the  same  capacitors  is 
presented  in  F'igure  7.  The  value  of  discharge  current  after  a  psrtic- 
liar  discharge  time  is  proportional  to  the  charging  voltage.  It  is  note¬ 
worthy  that  no  current  anomaly  occurs  in  the  voltage  range,.  18  VDC/mil 
to  36  VDC/mil.  This  is  in  contrast  to  Figure  4.  Figure  7  suggests 
Some  mechanism  is  limiting  the  discharge  currents  when  the  capacitors 
are  initially  charged  at  voltage  stresses  greater  than  70  VDC/mil. 

Figure  8  presents  the  relationship  between  charging  current  and 
temperature.  To  obtain  these  data,  the  same  capacitor  was  used  for  all 
temperatures.  Since  the  charge  current  at  each  temperature  changes 
quickly  with  time,  these  data  cannot  be  used  te  calculate  the  activation 
energy  for  conduction.  The  pseudo  activation  energy  for  conduction  over 
much  of  the  temperature  range  is  0.24  electron  volts  (cv). 

An  attempt  was  made  to  determine  the  steady-state  resistance- 
temperature  relationship  for  a  fresh  capacitor.  The  results  are  presented 
in  Figure  9.  To  obtain  these  data,  the  capacitor  was  charged  at  150*C 
until  the  charging  current  no  longer  decreased  with  time  but  achieved  a 
steady  value.  The  temperature  was  then  lowered  while  voltage  was  kept 
on  the  unit,  and  the  steady-state  charging  current  was  recorded  for  each 
temperature.  The  resistance -temperature  relationship  is  complex  and 
cannot  be  described  by  one  value  of  activation  energy  for  conduction.  The 
data  suggest  two  activation  energies;  0.34  cv  below  IIS’C  and  1.7  ev 
above  1 1  9*0.  The  titanatc  ceramic  dielectric  material  has  a  slight 
permittivity  maximum  at  approximately  115*0.  Above  115*0  the 
permittivity  decreases  in  a  manner  similar  to  the  way  in  which  barium 
titanatc  decreases  above  th.^  Ourie  temperature. 

The  capacitor  was  charged  at  each  temperature  for  which  charging 
data  are  presented  in  Figure  8,  then  discharged.  The  discharge  current 
curves  are  presented  in  Figure  10. 

Figure  II  presents  charge  and  discharge  current  curves  for  a 
capacitor  which  had  been  life  tested  previously  at  150*0  and  75  VDO/mil 
for  1600  hr.  During  the  life  test  the  resistance  of  the  unit  decreased 

^Branwood,  A,,  Tredgold,  R, ,  "The  Electrical  Oonductivity  of  Barium 
Titanatc  Single  Orystals,"  Proceeding*  of  the  Physical  Society,  76:93-98  (I960). 
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.ipp r<ixi iTia'.u )y  fciur  or<lt'i-3  <>(  iti-ignliiitl*- ,  The  flegru«l«,»fl  capacitor  wa* 
charged  for  16  tnin  at  lOO'C  and  216  VDC  in  the  same  direction  as 
during  life  testing,  then  discharged.  The  corresponding  charge  anH 
discharge  curves  for  this  operation  are  labeled  (+)  on  the  figure. 

Following  discharge  the  capacitor  was  charged  in  the  direction  opposite 
the  charging  direction  during  life  testing,  then  discharged.  The  corre¬ 
sponding  charge  and  discharge  curves  for  this  operation  are  labeled  (-)in 
the  figure,  it  will  be  observed  that  the  discharge  curves  are  approximately 
one  order  of  magnitude  apart.  For  comparison,  a  fresh  capacitor  was 
charged  in  one  direction  and  discharged,  then  charged  in  the  opposite 
direction  and  discharged.  The  resulting  discharge  curves  are  within 
20%  of  one  another,  as  can  be  seen  in  Figure  12.  The  data  suggest  that 
ionic  migration  resulting  from  life  testing  leads  to  charge  carrier  traps 
of  different  average  depth  in  the  proximity  of  each  electrode.  This 
hypothesis  assumes  that  release  of  trapped  charges  is  effected  by  thermal 
enc rgy. 

The  magnitude  of  the  discharge  or  depolarization  currents  observed 
for  the  C67  Monolythic  capacitor  raises  the  question  of  their  origin.  It  is 
not  known  whether  these  currents  are  primarily  related  to  the  polycrystalline 
form  of  the  material,  with  its  attendant  defects  such  as  grain  boundaries 
and  closed  pores,  or  whether  they  are  related  primarily  to  the  bulk  or 
surface  characteristics  of  the  crystal  structure  itself.  It  appears  the 
polycrystalline  form  Is  of  secondary  importance  in  determining  the  occur¬ 
rence  of  the  discharge  currents.  Figures  13  and  14  present  discharging 
currents  of  barium  titanate  single  crystals  prepared  by  the  Remeika^ 
technique.  These  currents  are  approximately  100  times  greater  than  the 
discharge  currents  of  a  C67  capacitor  under , comparable  conditions  of 
charging.  The  discharge  currents  are  prese^ed  In  Figure  15.  While  the 
chemical  composition  of  the  single  crystals  differs  from  that  of  the 
ceramic  they  are  both  essentially  barium  titanate>.^and  it  can  be  tentatively 
concluded  that  the  discharge  currents  of  the  C67  material  are  not  a 
consequence  of  its  polycrystalline  form. 

4.3  Lifetime  Indicators  for  C67  Case  Size  i  Monolythic  Capacitors 

Recent  work  at  Linden  Laboratories,  Inc.  indicates  there  is  a 
correIat;on  between  discharge  current  and  the  stability  of  titania  ceramic 
capacitors  on  life  test.  Experiments  were  conducted  by  Sprague  in  an 
effort  to  determine  if  a  correlation  exists  between  charge  or  discharge 

^Remeika,  J.,  "A  Method  for  Growing  Barium  Titanate  Single  Crystals.” 

J.  Amer.  Chem.  Soc.,  76:940  (1954). 

^Linden  Laboratories,  Inc.,  "Crystal  Chemistry  of  Ceramic  Dielectrics,” 
Report  No.  15,  July  15,  1962,  Contract  No.  DA-36-039-SC-7891 2. 
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' :ii  r ri.  11=  a  .11. M  i lu ri.-  lui  iiiv  tent  lor  C67  CuHti  Si/.c  I  Monolythic 
capacitors,  i^ife  testing  was  at  accelerated  conditions  of  150*0,  190  VDC 
(7S  VDC/mil).  A  capacitor  was  defined  a  failure  when  its  resistance 
dropped  below  100  megohms  at  test  conditions,  A  resistance  of  100  meg- 
ohms  ut  150*0  is  a  decrease  of  approximately  three  orders  of  magnitude 
from  the  resistance  of  a  new  unit.  A  resistance  change  of  this  magnitude 
indicates  the  capacitor  is  wearing  out  although,  as  will  be  seen  from 
subsequent  data,  a  capacitor  of  this  type  may  go  on  for  many  additional 
hours  before  its  resistance  drops  to  a  level  which  makes  it  unusable  in 
many  circuits . 

Figure  16  presents  the  relationship  between  charging  current  and 
timc-to-failurc  for  23  capacitors.  The  relationships  of  time -to -failure 
and  other  measurements  are  presented  in  Figures  17  and  18.  No  corre¬ 
lations  exist  within  the  rather  narrow  range  of  failure  times  for  the 
6000  ppf  capacitors.  Figure  19  presents  the  relationship  between  electrical 
resistance  after  50  hr  and  time-to-£ailure  on  life  test.  While  it  is  evident 
that  the  relative  lifetimes  of  the  capacitors  can  be  estimated  after  life 
testing  has  been  underway  for  a  time,  the  data  reveal  the  lifetime  estimstA 
for  some  capacitors  could  be  in  considerable  error.  Figure  20  presents 
the  resistance  as  a  function  of  time  during  life  testing  for  several  capacitors . 
In  the  early  stages  of  life  testing  the  capacitors  behave  similarly  but  later 
they  diverge. 

In  another  experiment  a  group  of  22  capacitors  was  conditioned  with 
190  VDC  at  t50*C  for  24  hr  before  the  charge  and  discharge  currents  were 
measured.  Attempts  to  correlate  these  measurements  and  others  made 
before  or  in  the  early  stages  of  life  testing  are  presented  in  Figures  21 
through  24.  A  relationship  exists  between  the  resistance  after  25  hr  of  life 
testing  and  time-to-failure  on  life  test,  though,  as  was  seen  earlier  in 
similar  relationships,  maverick  capacitors  occasionally  occur.  Figure  25 
shows  resistance  as  a  function  of  time  for  several  capacitors  during  life 
testing. 

In  another  experiment  a  group  of  24  capacitors  was  conditioned  with 
50  VDC  at  150*r,  fur  168  hr  before  charge  and  discharge  currents  were 
measured.  The  life  testing  of  these  units  is  not  yet  completed  but  enough 
data  are  available  to  allow  the  conclusion  that  no  correlation  exists  between 
charge  or  discharge  currents  and  time-to-failure.  The  correlation  attempts 
are  presented  in  Figures  26  through  28.  There  is  apparently  a  relationship 
between  the  resistance  after  100  hr  of  life  testing  and  time-to-failure  on 
life  tests,  as  shown  in  Figure  29.  Figure  30  presents  the  resistance  as  a 
function  of  time  during  life  testing  for  several  capacitors. 


In  another  experiment,  a  group  of  24  capacitors  was  subjected  to 


!  V  riHs  ((i(J  (  (js)  i!»  ISO  'C  lor  5  hr  before  rh;ir|^e  und  tJischar>i«: 
curronls  woio  measured.  'I'he  life  testing  of  these  capacitors  is  not 
yet  completed,  but  the  available  data  indicate  no  correlation  exists 
bclw<*en  cliarge  or  discharge  currents  and  timc-to-failurc.  The  corre¬ 
lation  .iltempls  arc  presented  in  Figures  31  to  33.  There  is  apparently 
.a  relationship  between  the  resistance  of  the  capacitors  after  100  hr  of 
life  testing  and  timc-to-failurc  on  life  test,  as  presented  in  Figure  34. 
Figure  35  presents  the  r..»M Ist.incc  as  a  function  of  time  during  life  testing 
for  several  capacitors. 

An  additional  experiment  involved  an  attempt  to  correlate  60  cps 
corona  starting  voltage  and  time-to-failure  of  the  capacitors  on  DC  life 
test.  The  location  of  the  corona  may  be  in  voids  or  cracks  within  the 
dielci  tric  material  or  between  the  electrodes  and  dielectric  surface  in 
certain  instances.  It  is  not  known  whether  this  can  be  related  to 
capacit.ir  life  time,  in  determining  corona  starling  voltage  each  c.'ipacitor 
was  flashed  with  30  VAC  when  the  voltage  supply  was  switched  on.  The 
AC  voltage  was  then  increased  slowly  until  corona  could  be  detected.  A 
0.  1  ill.  deflection  on  the  oscilloscope  screen  was  equivalent  to  0.4  mv. 

No  corona  was  produced  by  the  equipment  below  2000  VAC.  The  relation¬ 
ship  bctv/cen  corona  starting  voltage  for  27  capacitors  and  time-to-failure 
is  presented  in  Figure  36,  There  is  apparently  no  correlation.  The  units 
s'lbjectcd  to  corona  start  testing  failed  within  the  same  time  range  as  the 
control  units.  This  indicates  the  corona  testing  did  not  damage  the  units. 
As  noted  for  other  capacitor  groups,  a  relationship  exists  between  the 
resistance  of  the  capacitors  after  50  hr  of  life  testing  and  time-to-failure 
on  life  test.  This  is  shown  in  Figure  37. 
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SECTION  S 


CONCLUSIONS 


(U  No  correlation  was  foantl  between  charge  or  discharge  currents, 
measured  before  life  test,  and  time-to-failure  on  life  test  for 
C*i7  Case  T  Monolythic  raparitors 

(,;)  No  correlation  was  fiuind  for  C67  Case  Sire  1  Monolythic  capacitors 
which  received  either  an  AC  or  DC  conditioning  before  the  measure¬ 
ment  of  ciiarge  and  discharge  currents. 

(  ))  No  correlation  was  found  between  AC  corona  starting  voltage  and 
time*to*f«i)ur«  for  Cb7  Case  Siae  I  Monolythic  capacitors. 

(4i  It  appears  the  only  technique  now  .available  for  the  detection  of 
potential  early  failures  is  a  meaaurement  of  leakage  resisunce 
after  a  munber  of  hours  of  testing  at  acce^rated  voltage  and 
temperature  rondttinns. 


SECTION  6 


PROGRAM  FOR  NEXT  QUARTER 


(I )  The  technique  ot  detecting  potential  early  failures  by  DC  voltage 
application  before  accelerated  life  testing  for  a  number  of  hours 
will  be  examined  using  large  sample  sizes. 

(<;)  Further  examination  will  be  made  of  the  electrical  conductivity  of 
new  and  degraded  capacitors. 
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SECTION  7 


IDENTIFICATION  OF  PERSONNEL 


Personnel 

Hours 

J .  Dziok 

0.5 

W.  Estes 

38.  S 

J,  Fabricius 

10,0 

E.  Jamros 

377.3 

E.  Jones 

3.0 

M.  Malanga 

6.0 

G.  Olsen 

0.5 

T.  Prokopowicz 

■»0.5 

F.  SchoenfeW 

7.0 

W.  Tatem 

344.0 

S,. 

66.0 

K.  Whitney 

10.0 

J.  Willey 

61.0 

Total 

994.3 
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Ad\isory  Group  on  Electron  Devices 

346  Broadway 

New  York  13,  New  York 

Commanding  Officer 
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Commanding  General 
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Department  of  the  Navy 
Washington  ^5,  D.  C. 
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Commanding  Officer 
U.  S.  Army  Electronics  Research  and 
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Commanding  Officer 
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